Altered skin wound healing is a common cause of morbidity and mortality among diabetic patients. However, the molecular mechanisms whereby diabetes alters skin physiology have not been elucidated. In this study, we investigated the relative roles of hyperglycemia, insulin, and IGF-I, all of which are abnormal in diabetes, in primary murine skin keratinocytes. These cells proliferate and differentiate in vitro in a manner similar to skin in vivo. It was found that in the presence of high glucose (20 mmol/l), the glucose transport rate of primary proliferating or differentiating keratinocytes was downregulated, whereas at 2 mmol/l glucose, the transport rate was increased. These changes were associated with changes in the GLUT1 expression and with changes in the affinity constant (K m ) of the transport. Exposure to high glucose was associated with changes in cellular morphology, as well as with decreased proliferation and enhancement of Ca 2؉ -induced differentiation of keratinocytes. Furthermore, in the presence of high glucose, ligand-induced IGF-I receptor but not insulin receptor (IR) autophosphorylation was decreased. Consequently, in high glucose, the effects of IGF-I on glucose uptake and keratinocyte proliferation were inhibited. Interestingly, lack of IR expression in IR-null keratinocytes abolished insulin-induced glucose uptake and partially decreased insulin-and IGF-I-induced proliferation, demonstrating the direct involvement of the IR in these processes. Our results demonstrate that hyperglycemia and impaired insulin signaling might be directly involved in the development of chronic complications of diabetes by impairing glucose utilization of skin keratinocytes as well as skin proliferation and differentiation.
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Altered skin wound healing is a common cause of morbidity and mortality among diabetic patients. However, the molecular mechanisms whereby diabetes alters skin physiology have not been elucidated. In this study, we investigated the relative roles of hyperglycemia, insulin, and IGF-I, all of which are abnormal in diabetes, in primary murine skin keratinocytes. These cells proliferate and differentiate in vitro in a manner similar to skin in vivo. It was found that in the presence of high glucose (20 mmol/l), the glucose transport rate of primary proliferating or differentiating keratinocytes was downregulated, whereas at 2 mmol/l glucose, the transport rate was increased. These changes were associated with changes in the GLUT1 expression and with changes in the affinity constant (K m ) of the transport. Exposure to high glucose was associated with changes in cellular morphology, as well as with decreased proliferation and enhancement of Ca 2؉ -induced differentiation of keratinocytes. Furthermore, in the presence of high glucose, ligand-induced IGF-I receptor but not insulin receptor (IR) autophosphorylation was decreased. Consequently, in high glucose, the effects of IGF-I on glucose uptake and keratinocyte proliferation were inhibited. Interestingly, lack of IR expression in IR-null keratinocytes abolished insulin-induced glucose uptake and partially decreased insulin-and IGF-I-induced proliferation, demonstrating the direct involvement of the IR in these processes. Our results demonstrate that hyperglycemia and impaired insulin signaling might be directly involved in the development of chronic complications of diabetes by impairing glucose utilization of skin keratinocytes as well as skin proliferation and differentiation. Diabetes 50:1627-1635, 2001 G lucose represents a major fuel for most mammalian cells, and a wide range of factors regulates its utilization. However, abnormally high levels of glucose, as seen in diabetes, lead to the development of chronic complications. Several hypotheses were proposed to explain the various pathological changes induced by hyperglycemia, including glycation end products, hyperosmolarity, abnormal sorbitol and myoinositol metabolism, oxidant formation, and protein kinase C (PKC) activation by diacylglycerol (1) (2) (3) (4) (5) . Furthermore, elevated levels of glucose were shown to affect insulin signaling in various ways. Hyperglycemia was shown to alter glucose-induced insulin secretion, a phenomenon referred to as glucose toxicity (6, 7) . Glucose is known to affect insulin action as well by regulating the expression of several genes, including the IGF-I receptor (IGFR) and insulin receptor (IR) genes, at both the transcriptional and translational levels (8 -10) . Moreover, hyperglycemia was shown to inhibit insulin action. This inhibition is thought to be a result of serine phosphorylation through a PKCmediated mechanism (11, 12) as well as by activation of protein tyrosine phosphatases, which deactivates the IR function (13) .
In addition to its possible involvement in the development of complications of chronic diabetes, glucose was shown to downregulate its own transport and metabolism (14 -20) . As a result, high glucose levels create a vicious cycle in which even less glucose enters the cells, resulting in increased blood glucose levels, which in turn further disrupt the transport and metabolism of glucose into the cells. It is therefore clear that glucose per se, either directly or via changes in insulin signaling, is an important factor in both the regulation of its own transport and metabolism and in the pathogenesis of chronic complications of diabetes.
In the present study, we focused on the possible effects of hyperglycemia on skin keratinocytes. We have studied the direct effects of elevated glucose on skin cells as well as its possible interactions with the other factors contributing to the diabetes milieu, i.e., insulin and IGF-I. In our studies, we used a model system of primary skin keratinocytes in culture. In this model system, the differentiation state of the cells can be controlled by varying the calcium concentration in the medium (21, 22) . This differentiation process closely follows the maturation pattern of epidermis in vivo (22) .
Using this cultured murine keratinocyte system, we found that glucose downregulates its own transport into the cells. Furthermore, glucose was found to affect the proliferation and differentiation processes of keratinocytes, thereby altering their function. In addition, elevated glucose altered the effects of insulin and IGF-I on various cellular processes.
RESEARCH DESIGN AND METHODS
Cell culture. Primary mouse keratinocytes from newborn Balb/c mice or from newborn IR-null mice and their wild-type (WT) littermates (23) were prepared and maintained as described previously (22) . Briefly, freshly isolated keratinocytes were cultured in Dulbecco's modified Eagle's medium containing 5.5 mmol/l D-glucose (Biological Industries, Beit Haemek, Israel), 10% chelexed fetal calf serum (Biological Industries), 1% antibiotics, and Ca 2ϩ concentration adjusted to 0.05 mmol/l, as previously described (22) . After a day in culture, the glucose concentrations were adjusted to the desired glucose concentrations (ranging from 2 to 20 mmol/l D-glucose) and were maintained in this growth medium, with medium changes every 2-3 days. Thus, in most experiments, unless indicated otherwise, the cells were maintained in the various glucose concentrations for 5 days. In experiments in which differentiation was induced in the cells, the Ca 2ϩ levels were adjusted after 4 days in culture (3 of which were in the adjusted 2-20 mmol/l glucose concentration) to defined concentrations (0.05 mmol/l [low]; 0.12 mmol/l [medium]; 1.0 mmol/l [high] Ca 2ϩ ) for 24 -48 h, as indicated in each experiment. The glucose concentrations, however, were further maintained as determined before (i.e., between 2 and 20 mmol/l D-glucose). Protein lysate preparation. Cells were harvested by scraping into lysis buffer (phosphate-buffered saline [PBS] containing 1% Triton X-100, 1 mmol/l EDTA, 10 mmol/l sodium fluoride, 200 mol/l sodium orthovanadate, and a protease inhibitor cocktail). The lysate was spun down at maximal speed in a microcentrifuge, and the Triton-soluble supernatant was further analyzed by SDS-PAGE and immunoblotting. The Triton-insoluble pellet was kept for analysis of cytoskeletal proteins, as described below. Preparation of cytoskeletal protein samples for analysis of keratin expression. The insoluble fraction (pellet), obtained as described above, was incubated for 30 min in a special lysis buffer of PBS containing ␤-mercaptoethanol (20%) and SDS (5%). The samples were centrifuged for 30 min at maximal speed in a microcentrifuge, and the lysate was further analyzed by SDS-PAGE and Western blot analysis. Immunoblotting analysis. The protein samples were analyzed by SDS-PAGE and transferred by electroblotting onto nitrocellulose membranes. Immunoblotting was performed as described previously (24) using rabbit polyclonal antibodies against the IR and IGFR (Santa Cruz Biotechnology, Santa Cruz, CA), GLUT1 (a gift from Dr. S. Cushman, National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health [NIH]), keratin 1 (a gift from Dr. S.H. Yuspa, National Cancer Institute, NIH), or monoclonal antibodies recognizing phosphotyrosine residues (Upstate Biotechnology, Lake Placid, NY). Filters were then incubated with the appropriate secondary horseradish peroxidase-conjugated anti-rabbit (Bio-Rad, Hercules, CA) or anti-mouse (Amersham, Piscataway, NJ) antibodies. Proteins were detected using an enhanced chemiluminescence protein detection method (SuperSignal; Pierce, Rockford, IL). Ligand-stimulated receptor phosphorylation in intact cells and immunoprecipitation. Confluent cultures were incubated in the presence or absence of 10 Ϫ6 mol/l insulin (Eli Lilly, Indianapolis, IN) or 10 Ϫ7 mol/l IGF-I (CytoLab, Tel Aviv, Israel) for 3 min at room temperature. The reaction was terminated by aspiration of the incubation medium followed by quick washes with ice-cold PBS. Cells were lysed in cold lysis buffer (PBS containing 1% Triton X-100, 1 mmol/l EDTA, 10 mmol/l sodium fluoride, 200 mol/l sodium orthovanadate, and a protease inhibitor cocktail). Receptors were immunoprecipitated with anti-phosphotyrosine antibodies (Upstate Biotechnology), followed by protein A/G-agarose beads (Santa Cruz Biotechnology) for 16 -20 h at 4°C. The beads were then washed twice with cold lysis buffer. The immunoprecipitates were run on an SDS-PAGE, and phosphotyrosine-containing proteins were detected by Western blotting using appropriate antibodies, as described above.
2-Deoxy-[
3 H]glucose uptake. Glucose transport was evaluated by measuring 2-deoxy- [ 3 H]glucose (dGlc) according to the method described previously (14) . Briefly, on the day of the experiment, cells were washed three times with PBS. Then, 0.1 mmol/l 2-deoxy-glucose ("cold") PBS with tracer amounts of dGlc (1 Ci per plate; American Radiolabeled Chemicals, St. Louis, MO) was added to the cells. Uptake was continued for 10 min at room temperature. The reaction was stopped by three quick washes with 1.0 ml cold PBS on ice, and cells were lysed in 1% Triton X-100. The samples were counted in the [ 3 H]-window of a Tricarb scintillation counter. Uptake was linear under these conditions for up to 15 min (data not shown). Furthermore, it was established that when uptake was carried out at 37°C, the results were similar, though of a higher magnitude, to those obtained when uptake was performed at room temperature. However, since carrying out the uptake at room temperature was more consistent, the experiments were further performed in room temperature. Mean values were determined from measurements of triplicate samples under each experimental condition for each experiment. Measurements of affinity (K m ) and maximal velocity (V max ) constants.
Determination of the K m and V max constants for glucose uptake in the presence of 2-20 mmol/l D-glucose was carried out as previously described (14) . Briefly, cells were incubated for 5 days in various glucose concentrations, and uptake was carried out as described above, in the presence of increasing concentrations of 0.1-10 mmol/l 2-deoxy-glucose (cold) PBS with tracer amounts of dGlc (1 Ci per plate; ARC). Uptake was continued for 10 min at room temperature. Data were analyzed according to the LineweaverBurk equation. From the resulting curves, the values of K m (intercept on the horizontal axis is equal to Ϫ1/K m ) and V max (the intercept of the line on the vertical axis is equal to 1/V max ) can be determined. Thymidine incorporation. Cell proliferation was evaluated by measuring 
RESULTS
Autoregulation of glucose transport in proliferating keratinocytes. Glucose was shown to autoregulate its own transport in many cell systems (14 -19) . This effect has been claimed to further deteriorate the metabolic regulation in diabetic patients by creating a vicious cycle: as less glucose enters the cells, the extra cellular glucose concentration further increases, thereby further downregulating the entry of glucose into the cells. We initially wished to determine whether such an autoregulatory mechanism exists in murine keratinocytes as well. Proliferating keratinocytes were incubated in various glucose concentrations for 5 days, after which the glucose transport rate was estimated by measuring dGlc uptake (Fig.  1A) . As can be seen, at high glucose concentrations, the cells decrease their glucose uptake rate; reducing the glucose concentration in the medium is associated with an increase in the uptake rate. This autoregulation process is present in all stages of differentiation. As can be seen in Fig. 1B , induction of keratinocyte differentiation is associated with a decrease in the basal glucose uptake rate. However, incubating the cells in high-glucose medium further decreases the uptake rate proportionate to the glucose concentrations in the growth medium. Having demonstrated ( Fig. 1A and B) that the autoregulatory process is present in all glucose concentrations tested, we chose to perform the studies from this point on by comparing the two extreme glucose concentrations of 2 and 20 mmol/l. However, in most experiments we included a more physiological concentration of glucose as well.
The autoregulatory effect is reversible. When cells incubated in 2 or 20 mmol/l of glucose were switched to 20 or 2 mmol/l of glucose, respectively, their uptake rate adjusted to the new glucose concentration (Fig. 1C) . Interestingly, the downregulation process in response to high glucose concentration was more rapid than the upregulation of the uptake in response to low glucose levels in the growth medium (Fig. 1C) .
Glucose effects on affinity and maximal velocity of glucose uptake. Glucose could decrease the transport rate by either decreasing the affinity of the glucose transporters or decreasing the maximal velocity of the process. Values of K m and V max were calculated by LineweaverBurk plotting and are shown in Fig. 2A and Table 1 . Incubating the cells in high glucose concentrations was associated with a decrease in the affinity of the transporters to glucose, whereas the maximal velocity of the uptake process, representing the number of active glucose transporters present, was unchanged. Data are means Ϯ SE. Experiments were carried out as detailed in Fig. 2A . The mean of three independent experiments was calculated. ‫ء‬P Ͻ 0.05.
Surprisingly, although there was no change in the maximal velocity of the transport, exposure to high glucose concentrations resulted in a decrease in the total expression of GLUT1 (Fig. 2B) , the main glucose transporter in proliferating keratinocytes. Expression of GLUT1 was evident, as expected, in the plasma membrane fraction (data not shown). Although there are other glucose transporter isoforms expressed in keratinocytes, their expression is low, and there was no detectable change in their expression in response to glucose (data not shown). Thus, our data suggest that even though the total number of transporters present at the plasma membrane decreased, the number of active transporters did not change. However, the affinity of these active transporters decreased, resulting in the lower transport rate measured. Glucose effects are not mediated via the IR. Growth in high-glucose conditions models a hyperglycemic situation in vivo. However, in diabetes, hyperglycemia appears in the presence of a partial or complete deficiency of insulin action. Thus, we next wanted to identify possible interactions between the effects of insulin resistance and elevated glucose; furthermore, we wanted to find out whether the glucose autoregulation process is mediated via the IR. To this end, we studied the effects of elevated glucose in keratinocytes lacking IR expression, which were isolated from IR knockout (KO) mice (23) . As can be seen in Fig. 3 , despite the absence of IR expression, the autoregulation by glucose of its transport (Fig. 3A) was similar in the cells isolated from the IR-KO mice and cells isolated from WT IR mice. Interestingly, the downregulation of GLUT1 expression in the presence of glucose was lower in the null cells ( Fig. 3B and C) . Glucose affects cellular morphology of keratinocytes. After establishing that glucose downregulates its own transport, we studied the possible effects that glucose might have on cellular functions. The first observation made was the change in cellular morphology after cells are incubated in different glucose concentrations. As seen in Fig. 4 , cells incubated in low (2 mmol/l) glucose levels are small and organized, whereas cells maintained at high (20 mmol/l) glucose concentrations were larger and flattened and had lost some of their orientation toward each other. High glucose concentrations inhibit keratinocyte proliferation. The striking effects of glucose on cellular morphology encouraged us to examine the effects of glucose on cellular proliferation. Two phases of cellular growth can be identified in cultured nonimmortalized keratinocytes. An early rapid proliferation rate, sustained for up to 5 days in culture, follows exhaustion of the cellular replication capacity after fixed cycles in vitro. Proliferation of the cells was estimated by measuring the [ 3 H]thymidine incorporation into cells grown at low Ca 2ϩ concentration (0.05 mmol/l), in which they maintain their proliferating characteristics, and in the presence of 2 or 20 mmol/l D-glucose. Cells maintained in either low or high glucose had similar proliferation rates during the first days in culture (Fig. 5A) . However, it was found that increasing the glucose concentration resulted in keratinocytes ceasing to proliferate and going through an earlier and deeper crisis than that seen in cells incubated in 2 mmol/l glucose ( Fig.  5A and B) .
High glucose concentrations enhance Ca

2؉
-induced differentiation of keratinocytes. The fact that the IR-KO cells ceased to proliferate in the presence of high glucose concentrations could result from induction of differentiation. Thus, we next followed the effects of glucose to Ͼ0.1 mmol/l is associated with an increased expression of keratins 1 and 10. This increase is followed by a later increase in the expression of loricrin, filaggrin, and transglutaminase that coincides with terminal differentiation of the cells (22) .
Cells were induced to differentiate with calcium in the presence of either 2 or 20 mmol/l D-glucose, and the expression of various differentiation markers was followed. As can be seen in Fig. 6 , Ca 2ϩ -induced differentiation in the presence of high glucose concentrations was associated with an enhanced expression of keratin 1. These glucose effects, however, were dependent on the degree of confluency of the cells (data not shown), being more pronounced when cells were induced to differentiate after reaching 80% confluency. There was no change in markers of the granular layer, such as filaggrin (data not shown). Glucose inhibits the phosphorylation of the IGFR. We have shown so far that exposure of keratinocytes to high glucose concentrations, mimicking the hyperglycemic state, has effects on skin cells, resulting in inhibition of proliferation and an abnormal differentiation process. However, in diabetic patients, development of hyperglycemia also results in changes in insulin and IGF-I signaling. Indeed, we have previously shown that both insulin and IGF-I participate in the proliferation and differentiation of murine skin keratinocytes (25) , and it is plausible that the direct effects of high glucose on the proliferation and differentiation processes might be further augmented by its effects on insulin and IGF-I signaling. Therefore, we next chose to study insulin and IGF-I signaling in the presence of high glucose concentrations. Exposure of the cells to high glucose concentrations did not lead to a change in the expression levels of either IR or IGFR (Fig. 7A) . However, the autophosphorylation state of both receptors was altered. As can be seen in Fig. 7B , the autophosphorylation of the IGFR was decreased in cells grown in 20 mmol/l D-glucose for 5 days, compared with cells grown in low glucose concentrations of 2 mmol/l. The decrease in autophosphorylation was seen in response to either IGF-I or insulin stimulation. Autophosphorylation of the IR, on the other hand, was slightly increased under similar conditions. Glucose downregulates IGFR-mediated effects Glucose transport. As we have just shown, incubating cells under high glucose conditions decreases mainly the autophosphorylation of IGFR. We therefore wished to determine which IGFR-mediated effects are abolished as a result of this decreased response. To this end, we followed two of the most important known roles of the IGFR in skin keratinocytes: the regulation of both glucose uptake and the proliferation process.
First, we studied the effects of insulin and IGF-I on glucose transport into skin keratinocytes. As we have previously shown, insulin and IGF-I do not acutely affect the transport rate into cells (26) . However, chronic stimulation by these hormones (especially IGF-I) upregulates the transport rates into the cells. Growing the cells in high glucose concentrations led to a dampening of the IGF-Iinduced increase in dGlc uptake rate; however, uptake was not completely abolished (Fig. 8A) . In contrast, no effect was seen on the insulin-induced increase in the uptake rate. These results suggest that IGF-I's effects on glucose transport are mediated via the IGFR. The fact that the effects of IGF-I were not completely abolished in the presence of high glucose could be because IGFR phosphorylation under these conditions was not completely eliminated, or it could result from transactivation of the IR by IGF-I. In contrast, insulin effects were not affected by the glucose-mediated change in IGFR phosphorylation, suggesting that insulin effects on glucose transport are mediated via its own receptor and not via the IGFR. 
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To further investigate this issue, we performed similar studies in keratinocytes that were lacking the expression of the IR and isolated from IR-KO mice. Insulin-induced glucose transport is completely abolished in the IR-KO keratinocytes (Fig. 8B) , demonstrating that insulin effects on glucose transport are indeed mediated solely via the IR. Lack of IR expression also resulted in a decreased IGF-Iinduced glucose transport rate, thus suggesting, as indicated above, the involvement of IR transactivation in the IGF-I regulation of glucose transport. Cellular proliferation. As mentioned earlier, another effect of insulin and IGF-I on keratinocytes is an increase in cellular proliferation (25) . Therefore, we evaluated the proliferation rate of keratinocytes in response to chronic insulin or IGF-I stimulation in the presence of 2 or 20 mmol/l D-glucose. As can be seen in Fig. 9 , both insulin and IGF-I induced an increase in the proliferation rate of the cells (142 and 155% above control, respectively). However, in the presence of high glucose concentrations, the effects of both hormones-but mainly of IGF-I-were reduced (129 and 123% above control, respectively). Glucose effects were specific, as there was no effect on the activity of keratinocyte growth factor on glucose transport (Fig. 9) .
DISCUSSION
Development of hyperglycemia is associated with exacerbation of diabetes because it leads to increased insulin resistance as well as a reduction in general glucose utilization. Indeed, achieving euglycemia is associated with reversal of these two pathological findings. Several processes have been suggested to participate in the pathophysiology of these effects, including the following: downregulation of IR phosphorylation, PKC activation (11, 12) , activation of protein tyrosine phosphatases leading to dephosphorylation of the IR (13) or downstream elements in insulin signaling (27) , and a decrease in glucose transport from the bloodstream into the cells by a direct autoregulatory mechanism (14 -20) . In addition, high glucose levels have other effects on cellular physiology that could lead to abnormal function of these tissues. In the present study, we focused on the effects of glucose in skin keratinocytes and determined the role of glucose in the abnormal skin physiology found in diabetic patients.
It has been suggested that reduced glucose uptake to tissues, as seen in diabetes, can further exacerbate hyperglycemia in the circulation. Since skin composes 15% of an individual's total body weight, a reduction of the glucose uptake into skin cells could indeed contribute to the increased glucose levels in the blood (28) . We therefore examined the mechanism of the autoregulation by glucose of its transport. We first demonstrated that in skin keratinocytes, glucose downregulates its own transport. The decrease is achieved via a decrease in the affinity of the glucose transporters for glucose. Interestingly, we did observe a decrease in the expression levels of GLUT1, the major glucose transporter isoform in keratinocytes. However, there was no change in the maximal velocity of the transport system, as evaluated by Lineweaver-Burk plotting, indicating that despite the reduced number of GLUT1 molecules, the total number of active glucose transporters was unchanged. Indeed, recent studies have demonstrated (29, 30) a discrepancy between the expression of the glucose transporters present at the plasma membrane and their activity, suggesting that transporters must be activated after their synthesis.
In studying IR-null cells, we found that the effects of glucose on glucose transport rate are not mediated via the IR. The basal uptake as well as the glucose-induced downregulation in uptake rate were not affected by lack of IR expression. Interestingly, the glucose-induced decrease in GLUT1 protein expression, seen in WT cells, was smaller in the IR-null keratinocytes. This might be an attempt of the IR-null cells to compensate for the lack of the receptor, or it may suggest the involvement of the receptor in the glucose-induced regulation of GLUT1 transcription or translation. However, as mentioned before, despite the change in the glucose-induced downregulation of GLUT1 expression, there was no change in the level of active transporters, as the uptake rate of the IR-null cells was not altered.
Glucose was found to have effects on the proliferation and differentiation of cells. We found that cells grown in the presence of high glucose concentrations demonstrated a decreased proliferation rate. A review of the literature demonstrates that glucose was reported in some studies to increase cellular proliferation, whereas in other studies it was found to inhibit the process. Glucose was reported to increase proliferation in vascular smooth muscle (31, 32) , rabbit coronary smooth muscle (33) , MCF7 human breast cells (34) , renal cortical fibroblasts (35) , and SV40-transformed human corneal epithelium (36) . However, glucose was shown to inhibit proliferation in other cell types, including dermal fibroblasts (37), monkey kidney cell line (38) , bovine carotid artery endothelial cells (39) , human mesangial cells (40) , cultured vascular endothelial cells, and human fetal cells (41) . There are a few possible explanations for the differences among the various studies. It is clear that there is a dependence on cell type. For exam- ple, in one laboratory, differences were found between endothelial cells, the proliferation of which was inhibited by glucose, and smooth muscle cells, which responded to high glucose by increasing the proliferation rate (42) . In another report, MCF7 human breast cells were sensitive to glucose, whereas MCF7 multidrug-resistant variant cells were not (34) . Another possible explanation is the incubation time. There are reports showing that the effects of glucose on proliferation are time dependent-a result similar to our findings. In both peritoneal fibroblasts (43) and murine mesangial cell line (44) , glucose initially stimulated cell proliferation and thereafter inhibited its proliferation. Finally, there is dependence of glucose effects on the presence of other cellular factors. For example, glucose increased proliferation of vascular endothelial cells in the presence of low serum concentration, whereas it inhibited proliferation in high serum concentration (45) .
Glucose was also found to alter the differentiation of keratinocytes. We found that high glucose concentrations directly enhanced the differentiation process, further augmenting the induction of differentiation in the presence of glucose. Indeed, involvement of glucose in cellular differentiation was seen in several cell types; in some it resulted in loss of differentiation, whereas in others it resulted in enhanced differentiation (25,46 -48) . Thus, the effects of glucose on differentiation vary depending on the tissue.
In addition to its direct effects on cellular physiology, glucose downregulated IGFR phosphorylation. Interestingly, high glucose levels had only minimal effects on IR phosphorylation. In most studies conducted to evaluate the effects of glucose on phosphorylation, the emphasis was on its effects on insulin signaling. In those studies, glucose was found to inhibit IR tyrosine phosphorylation, whereas IGFR phosphorylation was either unchanged or, in most cases, not examined (11, 13, 49, 50) . Furthermore, these studies were conducted on either cells overexpressing the IR or on cells, such as muscle cells, that are classic targets for insulin action. In these classic insulin target cells, insulin acts mainly to regulate glucose transport and metabolism, whereas in the nonclassical target cells (such as skin keratinocytes), it has been demonstrated to play different roles (25, 26) . Thus, it is conceivable that glucose may have different targets depending on the role of the hormones and their receptors in specific cells.
Next, we evaluated the physiological importance of the glucose-induced changes in insulin and IGF-I signaling by following its effects on insulin-and IGF-I-mediated processes. We have previously shown that in skin keratinocytes, IR and IGFR have different roles in skin proliferation that are mediated via distinct signaling pathways (25) . In addition, we have shown in the present study that high glucose levels, in the absence of any additional perturbation, are associated with decreased cellular proliferation. Thus, glucose inhibits proliferation by both direct effects as well as by reducing the stimulatory effect of IGF-I on proliferation.
In conclusion, the consequence of high glucose inhibition on the proliferation of skin keratinocytes and its enhancement of their differentiation is obvious. By changing the proliferation-differentiation balance, which is one of the essential steps in the healing process, as well as by decreasing other possible local effects of IGF-I on wound healing, high glucose levels might indeed contribute to impaired wound healing in diabetes.
